Creative Commons Attribution-Noncommercial-Share Alike 3.0
Introduction:
Nucleate boiling is an effective mode of heat transfer; and one of the most studied physical phenomena in science and engineering. At low heat flux, where isolated bubble growth occurs, the growth cycle can be qualitatively described as follows (Hsu & Graham [1] ). Once the liquid layer above the heater surface reaches the required superheat, ΔT s , to activate a given nucleation site, a bubble begins to form and pushes the surrounding liquid outward, except for a thin liquid microlayer that remains in contact with the wall underneath the bubble. Evaporation occurs at the bubble surface and through the microlayer, thus fueling further bubble growth. When the size of the bubble is sufficiently large, buoyancy causes the bubble to detach from the surface; new fresh liquid floods the surface, and the cycle restarts.
For decades, nucleate boiling heat transfer has been predominantly an empirical science, accompanied by relatively simple models based on hypotheses that are not always fully justified. For example, the widely popular Rohsenow's correlation for nucleate boiling is based on the assumption that single-phase convection and nucleate boiling are analogous physical processes, and can be both correlated in terms of the Reynolds and Prandtl number of the liquid phase; for nucleate boiling the characteristic velocity and length are assumed to be the downward liquid velocity and the most unstable Taylor wavelength, respectively; then, an empirical constant, C sf , is determined to fit the experimental data for any fluid/surface combination (Rohsenhow [2] ).
As researchers are now finally moving away from the rough empiricism of the past, and start to develop more mechanistic models of nucleate boiling heat transfer, the need for high-quality high-resolution data on the bubble nucleation and growth cycle is increasing.
Specifically, nucleation site density, bubble departure diameter and frequency data are a necessary input for the source terms in interfacial area transport models (e.g. Ishii &
Hibiki [3] ) and CFD 'multi-fluid' models (e.g. Lo [4] ; Bestion et al. [5] ; W.K. In & T.H.
Chun [6] ), as well as semi-empirical models for boiling heat transfer, such as the heat flux partitioning model of Kurul and Podowski [7] , Kolev's bubble interaction model [8] or the more recent hybrid numerical-empirical model of Sanna et al. [9] . Furthermore, time-resolved temperature distribution data for the boiling surface and direct visualization of the bubble cycle are needed for validation of 'first principle' models of bubble nucleation and growth, based on interface tracking methods, in which the geometry of the vapor/liquid interface is not assumed, but rather calculated from a marker function advected according to the Navier-Stokes equations (e.g., Dhir [10] , Tryggvason et al. [11] , and Stephan & Kunkelmann [12] ).
However, gathering the detailed data needed for validation of advanced simulation models is not straightforward. The traditional approaches based on thermocouples and high-speed visualization of the boiling process suffer from several shortcomings; for example, the thermocouples can only measure temperature at discrete locations on the boiling surface, thus no information on the temperature distribution about a nucleation site can be obtained. Further, thermocouples (including micro-thermocouples) have relatively long response time, thus are unsuitable for studying the bubble nucleation and growth phenomena, which have time scales of the order of milliseconds. The usefulness of high-speed video is typically limited by poor optical access to the nucleation site and interference from adjacent bubbles. Second-generation two-phase flow diagnostics, such as multi-sensor conductivity and optical probes (e.g. Kim et al. [13] and Barrau et al. [14] ) and wire-mesh probes (e.g. Prasser et al. [15] ), can measure bubble diameter and velocity near the boiling surface. However, these approaches are intrusive, and also produce data only at discrete locations within the boiling fluid. It was not until the early 2000s that new possibilities for generating time-resolved multi-dimensional data on the bubble nucleation and growth cycle have opened up with the introduction of infraredbased visualization of thermal patterns on the boiling surface by Theofanous et al. [16] .
(ADD MICROHEATERS APPROACH BY JUNGHO KIM)
In this paper we present an approach based on synchronized infrared thermometry and high-speed video through a transparent heater that enables simultaneous measurement of the nucleation site density, bubble growth rate (including bubble departure diameter), bubble departure frequency (including wait time), and time-resolved 2D temperature distribution on the boiling surface.
The experimental facility used in this research is described in Section 2, the data reduction methodology in Section 3, and the results for bubble nucleation and growth and nucleate boiling heat transfer in Sections 4.1 and 4.2, respectively.
Pool boiling facility
The experiments were conducted in the facility shown in Figure 1 . Acquisition of the temperature distribution on the heater surface was accomplished using an infrared (IR) high-speed camera, SC 6000 from FLIR Systems, Inc. The use of an IR camera to investigate boiling heat transfer was pioneered by Theofanous et al. [16] .
However, in our system simultaneous high-speed video (HSV) was taken with a highspeed digital imaging system, Phantom v7.1 from Vision Research. A function generator produced a transistor-transistor logic (TTL) pulse which triggered both cameras to simultaneously record an image allowing the synchronization of both cameras' image sequences. A custom hybrid hot mirror (dichroic) was placed directly below the heater which reflects the IR (3-5 μm) spectrum to the IR camera and transmits the visible (400-reflected by a silver-coated mirror to the HSV system. Thus, both cameras image the area of interest from the same point of view. The sapphire substrate is transparent to both IR and visible light.
As configured in this study, the IR camera and HSV system had spatial resolutions of 100 μm and 50 μm respectively. In the case of the IR image, this resolution is more than sufficient to capture the temperature history of individual bubble nucleation events at the nucleation sites since the typical bubble diameter is on the order of 1000 μm. The frame rate of both cameras was 500 Hz. 
Heater surface characterization
As boiling heat transfer is strongly affected by the physico-chemical properties of the heater surface (i.e., roughness, wettability, micro-cavity size and distribution, etc.), extra care was taken in characterizing such properties for the heaters used in the experiments.
Both scanning electron microscopy (SEM) and confocal microscopy were used to analyze the heating elements after the experiments to show that there was little modification of the surface after boiling in de-ionized (DI) water. The surface of an ITO heater after boiling in DI water is shown in Figure 2a : the 'flat' appearance of the SEM image eloquently confirms that the heater surface is very smooth, and remains smooth and clean after boiling. The surface roughness of the water-boiled heater was SRa=132 nm, as measured by confocal microscopy ( Figure 2b ), higher than the as-received heater (SRa=30 nm), but still low relative to typical engineering materials. The value of the static contact angle, θ, for an as-received heater was approximately 100°, while the contact angle of the heaters that were boiled in DI water were 80-90°, suggesting that the boiling process alters the surface energy of the heater. The contact angle measurement error was within ±3°.
Data reduction and uncertainty
The raw data obtained for each heat flux are in the form of hundreds of frames, each representing a two-dimensional infrared intensity distribution on the heater surface (see Figure 3 ). The conversion from IR intensity to temperature is done via a calibration curve, obtained using vendor-supplied blackbody simulators; with an accuracy of about 2%, or 2°C. The nucleation sites appear as short-lived dark (cold) spots on the IR image.
The edge of the nucleation sites is sharp because there is very little radial conduction within the heater, as discussed above. The nucleation sites in each frame are marked manually; then the nucleation site density can be determined simply as the total number of nucleation sites divided by the area of the heater. The bubble departure diameter is measured from the maximum size of the cold spot. Note that here the bubble diameter is actually the thermal foot-print of the bubble, i.e., the bottom of the bubble that is in contact with the heater surface. The actual bubble departure size is typically larger and can be measured with the HSV. If only the infrared data along a chord cutting through a nucleation site are considered, the one-dimensional temperature distribution vs. time of Figure 4 is obtained. Further, if the spatial average of the temperature at a given nucleation site is calculated and plotted vs. time, then various features of the bubble cycle, such as the bubble departure frequency, bubble growth time and bubble wait time become apparent and can be readily estimated (see Figure 5 ). Since boiling is essentially a random phenomenon, for each nucleation site, there is a distribution of the parameters;
however, we observed that the parameters tend to be distributed normally and narrowly about their mean.
The uncertainties in measuring the bubble radius (with the HSV images) and the cold spot and hotspot radii (with the IR images) stem from two factors: accuracy of the distance calibration converting pixel size into distance units, and measurement bias (since the measurement is done manually by looking at the contrast between the liquid/vapor interface, the measurement could be off by 1-2 pixels. The combination of these two factors results in an estimate for the total uncertainty in the bubble radii to be approximately 10%.
The uncertainty in measuring the nucleation site density is expected to be small, since each frame is examined manually to determine the nucleation sites. Two counting runs were done for the same set of images with a high number of nucleation sites, with the difference between the two counts being only 1-2 nucleation sites. Thus, the total uncertainty in the nucleation site density measurement was estimated to be well under 2%.
The growth, wait, and cycle time measurements were automatically determined using the temperature history of an individual nucleation site. The algorithm picks the times where the slope of the temperature history changes with no uncertainty; that information is then used to determine the frequencies. This was confirmed by comparing manual examinations of select temperature histories with the algorithm. The uncertainty in measurement of the initiation and completion of bubble growth for an individual bubble cycle could be as large as the time between individual frames (2 ms). However, a large number of repeated nucleation cycles for an individual nucleation site are used to generate the mean times for that site, so the reported mean growth, wait and cycle times should reflect the true times well (±20%).
The heat flux is estimated from measurement of the voltage and current (both with very low uncertainties, less <1%) and knowledge of the heater surface area. Therefore, the uncertainty in the heat flux measurement is estimated to be less than 1%.
In the remainder of the paper we will use only the mean values for all these parameters, but the associated uncertainties should be kept in mind.
We shall note, in passing, that surface temperature data of the type shown in Figure 4 could prove extremely valuable for validation of numerical models of boiling, as more and more researchers are attempting CFD simulations of the bubble nucleation process ( [10] , [11] , [12] ). In these models the conjugate heat transfer problem for the heater must be solved for, along with the evaporation phenomena in the liquid, so comparing the calculated and measured temperature distribution on the heater surface is a means to validate the model.
Experimental results
Boiling curves for the various experimental runs discussed in this paper are shown in IR and HSV data from these runs were used for detailed analysis of the bubble growth cycle (Section 4.1) and nucleate boiling heat transfer (Section 4.2).
Bubble nucleation and growth
A single representative bubble cycle is chosen from the synchronized experiments and the HSV and IR for this bubble are shown in Figure 7 . The HSV shown in Figure 7 (a)
visually depicts bubble growth. The depth of field for this particular camera setup is sufficient to see several millimeters past the heater surface, thus capturing the shape and size of the bubble even as it detaches from the heater surface. To interpret these data, it is useful to refer to the commonly accepted model for bubble growth at a boiling surface, which is shown in Figure 8 . The actual outer radius of the bubble, R t , and the microlayer (hemispherical) radius, r c , are clearly visible in the images of Figure 7 (a). Both the microlayer radius and dry spot radius are measured using the IR images as shown in These results are significant because they confirm that: (i) there is a microlayer of liquid formed underneath initial hemispherical bubble formations, and (ii) this microlayer proceeds to evaporate and project the three-phase contact line radially outward.
However, further experimental investigation and modeling of bubble and dryspot growth are needed, especially at high heat flux.
The data were also used to probe the heat transfer mechanisms responsible for bubble growth, as follows. Assuming that all heat transferred from the wall is used as latent heat, an equivalent bubble radius, R evap , can be computed as:
or: Kim [24] , [25] suggest that most heat for bubble growth comes from the superheated liquid layer around the bubble. Likely, the relative importance of the two energy sources (wall/microlayer vs superheated liquid layer around the bubble) depends on the fluid, surface, and heat flux, so no definitive conclusions on the bubble growth mechanisms can be drawn at this time.
Nucleate boiling heat transfer
To study nucleate boiling heat transfer, the key bubble parameters (D b , NSD, f b , t g , t w ) discussed in Section 3 were collected for each nucleation site at each heat flux in each test run, and then used in the popular heat flux partitioning model (Kurul & Podowski, [7] ), which has also been labeled as the "RPI Model" after Kurul and Podowski's university (Rensselaer Polytechnic Institute). The model is based on the Bowring [28] scheme of accounting for the various boiling heat transfer mechanisms separately. Both were primarily developed for flow boiling, but have been extended and applied to pool boiling here.
The heat removed by the boiling fluid is assumed to be through the following contributions:
1. the latent heat of evaporation to form the bubbles (q″ e )
2. heat expended in re-formation of the thermal boundary layer following bubble departure, or the so-called quenching heat flux (q″ q )
3. heat transferred to the liquid phase outside the zone of influence of the bubbles by convection (q″ c ).
The total boiling heat flux is obtained through the addition of the three fluxes as:
Since the present work has obtained detailed information for the bubble parameters, it is possible to write expressions for the partitioned heat fluxes that incorporate the contributions of each nucleation site. The latent heat flux can be written as:
where N T is the total number of nucleation sites. The Han and Griffith [29] assumption was used in the analysis of conductive heat transfer to the liquid in between bubble growth. They assume that as a bubble departs, it carries an area of the superheated thermal boundary layer with it in its wake equal to twice the bubble diameter. Then, the cool liquid that rushes in to replace it is heated via transient conduction from the heater, thus the total quench heat flux is given as:
The McAdams [30] estimate for the turbulent free convection heat transfer coefficient from a flat upwards-facing plate is used to estimate the convection heat flux as:
The boiling curve for one test run is shown in Figure 11 along with the evaporation, quench, convection and total partitioned heat fluxes that have been calculated using the method described above. The model works surprisingly well when considering the amount of independent data that has been fed into it. It is also interesting to note that the quench heat flux is the dominant partitioned heat flux, and not the latent heat flux, as one may expect.
Conclusions:
Synchronized high-speed video and infrared thermometry were used to obtain time-and space-resolved information on bubble nucleation and boiling heat transfer. This approach provides a detailed and systematic method for investigating the fundamentals of nucleate boiling. Data on bubble departure diameter and frequency, growth and wait times, and nucleation site density can be effortlessly measured for all nucleation sites on the heater surface. The main findings of the study are as follows: -Time-resolved data for bubble radius, microlayer radius and dryout radius were compared to decades-old and poorly validated models and correlations. The agreement between the data and the models is (surprisingly) reasonable.
-The RPI heat flux partitioning model, to which our data on nucleation site density, bubble departure diameter and frequency were directly fed, suggests that the quench heat flux (i.e., the transient conduction heat transfer following bubble departure) is the dominant contribution to nucleate boiling heat transfer. SEM image is at 5000x magnification in the center of heater. The picture is featureless (nearly entirely grey) showing that the nano-smooth heater has not been modified by boiling in water. The confocal microscopy image at 50x magnification confirms that the maximum feature size is ~130nm. 
